Mitochondria of many living species internalize nuclear DNA-encoded ribonucleic acids. The pools of imported RNA molecules, as well as fine mechanisms of these processes, are highly species-specific. To date, baker's yeast Saccharomyces cerevisiae are the best studied in this regard. Moreover, the processes of yeast RNA mitochondrial import have been the basis of modeling several gene therapy strategies aimed to palliate negative effects of pathogenic mutations in human mitochondrial DNA. In this review, we summarize our current knowledge about the molecular events taking place in course of yeast RNA import into mitochondria. Also, we describe how this process can be used for compensation of pathogenic mutations in mitochondrial genomes of humans.
MOLECULAR MECHANISMS OF RNA
IMPORT INTO MITOCHONDRIA IN YEAST MODEL Since their discovery in XIX century, mitochondria were constantly raising the attention of researchers. Nowadays, an endosymbiotic theory of mitochondria origin is generally accepted (for review, see [1] ). This theory says that a far ancestor of mitochondria was a freeliving bacteria related to modern Rickettsia. In course of evolution, mitochondrial genes migrated to nucleus by currently unknown mechanism. However, modern mitochondria still contain DNA with several proteins and RNAs being encoded therein. On the other hand, these macromolecules are not enough for maintenance of mitochondrial functions. Thus, most of organellar proteins and some RNAs are encoded by nuclear genome and imported into mitochondria from the cytosol.
First data on protein import into mitochondria were obtained in the late 1970s [2] . This area of science has been quickly and constantly developed, and at present, the complex system of protein transport across mitochondrial membranes is described in great detail [3] .
The phenomenon of RNA import into mitochondria was first hypothesized in some protozoans [4] and then found in yeast by Robert Martin et al. at Strasbourg University, France [5] . This team analyzed yeast mitochondrial tRNAs by 2D gel-electrophoresis and was able to detect one single species of nucleusencoded tRNA, namely lysine tRNA with CUU anticodon (further referred to as tRK1). It has to be mentioned that the major tRK1 pool is localized in the cytosol where this tRNA takes part in translation; only 2-5% of tRK1 molecules were found in mitochondria [5] . For many years, this work remained single one in this field. One of the possible reasons for that might be some distrust of the scientific community in these results. Many researchers simply did not believe in import of negatively-charged RNA molecule across negatively-charged mitochondrial membranes. Furthermore, the exact function of this imported tRNA species remained obscure. Nowadays, however, it is widely accepted that many RNA species are imported to mitochondria of different organisms [6, 7] .
Baker's yeast has become a first model organism for mechanistic studies of RNA import into mitochondria. In the late 1980s, Ivan Tarassov and Nina Entelis (Department of Molecular Biology, Faculty of Biology, Moscow State University, Russia), developed the in vivo and in vitro systems to study RNA mitochondrial transport [8] . In vivo system required the electroporation of yeast cells with a radioactivelylabelled tRNA and further radioautographic detection of this tRNA in the mitochondrial RNA fraction. Indeed, tRK1 was detected both in the cytosol and in mitochondria while all other cytosolic tRNAs, when REVIEWS UDC 577. 21 delivered into the yeast cells, were localized exclusively in cytosol. In vitro approach involved incubation of isolated yeast mitochondria with radioactively-labeled tRNA. By this approach, it was confirmed that, among all yeast tRNAs, only tRK1 is able to cross mitochondrial membranes. This process was found to be ATP-dependent and to require some unidentified, at this stage, soluble yeast cytosolic proteins [8] .
Further studies of tRK1 import into yeast mitochondria were conducted jointly in the two teams, at Moscow and Strasbourg Universities. The main question was about the exact molecular mechanisms of tRNA translocation across mitochondrial membranes. It was shown that tRK1 import may be related to protein mitochondrial import machinery: several components of protein import apparatus were proven to take part in tRK1 transport [9] . Among them, there were Tom20p (imported proteins receptor in the outer membrane) and Tim44p (component of the so-called "protein import motor" in the inner membrane). Another finding was the dependence of tRK1 import on the mitochondrial membrane electrochemical potential ΔΨ [9] . Taken together, these results have let to hypothesize that tRK1 uses protein import pathway to cross the mitochondrial membranes. Later studies, however, provided some evidence that a channel for tRNA import in the outer membrane might be not only Tom40p (the only channel for protein transport) but also voltage-dependent anion channel (VDAC) [10] . The same situation when both Tom40 and VDAC are involved in tRNA mitochondrial transport was described in higher plants [11] . Nevertheless, the receptor components of protein import machinery seem to assure tRNA delivery into mitochondria [12] .
It is worth mentioning that there are two lysine tRNAs encoded in yeast nuclear genome, and the second one (further referred to as tRK2), with UUU anticodon, differs from tRK1 by 21 bases. In contrast to tRK1, tRK2 has never been detected in mitochondria. This means that there should exist determinants that ensure the import for tRK1 and/or import anti-determinants for tRK2. Most obvious type of these determinants would be nucleotides that differ between tRK1 and tRK2. Applying in vitro and in vivo tRNA mitochondrial import systems, this hypothesis was verified by creation of sets of mutant tRK1 and tRK2 versions where differing bases were one-by-one substituted by the corresponding bases of tRK2 and tRK1, respectively. These mutant tRNAs were assayed for their import ability; it was found that, indeed, several tRK1 nucleotides serve as its import determinants, namely the first anticodon nucleotide (C34) [13] , first base pair of the acceptor stem (G1-U72), and discriminator nucleotide U73 [14] .
These nucleotides could ensure the interaction of tRK1 with putative protein factors of the import process [8] . Further studies permitted to identify several of them.
First protein factor participating in tRK1 mitochondrial targeting was identified as the cytosolic lysyl-tRNA synthetase (Krs1p) [15] . Normally, for the needs of cytosolic translation, it aminoacylates tRK1 in the cytosol. So far, it was demonstrated that this aminoacylation also makes this tRNA import-competent. However, the aminoacylated state itself is not a prerequisite for tRK1 to be imported. Several mutant versions of tRK1 have been created that could not be aminoacylated by whatever amino acid but still have been imported into mitochondria in both in vitro and in vivo systems [13, 14, 16] . It has been then hypothesized that lysinylation of tRK1 might be important for some further steps of the import process.
This last hypothesis has been experimentally proven when other protein factor implicated in tRK1 import has been identified. This factor was the cytosolic precursor of mitochondrial lysyl-tRNA synthetase (preMsk1p) which is synthesized by cytosolic ribosomes and then imported into mitochondria where, in its mature form, it aminiocylates mitochondriallyencoded lysine tRNA (further referred to as tRK3). It has been demonstrated that in yeast strain devoid of MSK1 gene no tRK1 is detected in mitochondria [15] . In vitro tRK1, if aminoacylated, binds preMsk1p which is necessary for tRNA transport across the membranes of isolated mitochondria, while preMsk1p can neither bind deacylated tRK1 nor aminoacylate it [15] . Interestingly, tRNA import-driving properties of recombinant preMsk1p in vitro depend on the mode of its purification: preMsk1p purified from E. coli under denaturating conditions with subsequent renaturation step, can bind tRK1 and direct its import while natively-purified protein is not competent in this process [17] . Using different truncated versions of preMsk1p, it has been shown that its tRK1-binding and import-directing activity is localized in the N-terminal domain [18, 19] which, when protein functions as aminoacyl-tRNA synthetase, is responsible for primary tRNA anticodon recognition.
Regarding tRK1 and tRK2 versions mentioned earlier, there is solid correlation between their abilities to bind preMsk1p and efficiencies of their import into mitochondria [13, 14, 16] . Furthermore, mutant tRNAs that could not be aminoacylated but were successfully imported also demonstrated strong affinity to preMsk1p. This finding may be explained if tRK1 aminoacylation is essentially needed to permit formation of complex with preMsk1p. Concerning functional significance of this complex, it is assumed that tRK1 might be imported into mitochondrial being bound to preMsk1p. In other words, this protein could be a carrier for tRNA translocation through mitochondrial membranes.
The third identified protein factor of tRK1 import into yeast mitochondria is second isoform of glycolytic enzyme enolase (Eno2p) [20] . Together with preMsk1p, Eno2p can drive aminoacylated tRK1 into isolated yeast mitochondria. This protein was shown to bind tRK1 (if it is aminoacylated) and to facilitate the formation of complex between this tRNA and preMsk1p [20] . Moreover, in in vitro experiments it was demonstrated that Eno2p is partially localized to the surface of mitochondria [20, 21] . At the same time, preMsk1p is synthesized, at least partially, by ribosomes associated with the outer mitochondrial membranes [20] . Taken together, these data are in favor of the targeting function of Eno2p. This protein could bind tRK1 in the cytosol and then deliver it to the mitochondrial surface where tRK1 is released by Eno2p to bind nascent preMsk1p. The next step might be translocation of the latter complex through mitochondrial membranes.
Finalizing the description of protein factors of tRK1 import, it has to be mentioned that the list of these factors is definitely not completed. In a more recent study, it has been shown that additional yeast proteins might be involved in this process [22] .
Another very important aspect of tRNA import into mitochondria concerns structural requirements of the RNA molecule. First indication on the significance of tRNA structure for its import were detected in the experiments where "nicked" tRK1 (RNA reconstituted from two moieties and thus containing a single-stranded break) were able to reach mitochondrial matrix but only if the two tRNA halves were preannealed [13] . The ability of tRK1 to fold into the proper ternary structure is thus a prerequisite for its import. Later, using in-gel FRET technique, it was shown that tRK1 can be folded into two different conformations: one is the classical tRNA L-shape, while second is characterized by alternative base-pairing between 3' part of AA-stem and the T-loop [23] . This latter structure could be detected when tRK1 was bound to Eno2p. This finding thus provided a link in the chain of events leading to tRK1 import into mitochondria: Eno2p can function as RNA-chaperone which induces structural changes in the tRK1 molecule upon interaction with the protein, and this structural rearrangement defines the ability of tRK1 to be imported. In silico modeling showed that no other yeast cytosolic tRNA could fold into such alternative structure [23] . This model explains why only tRK1 is imported into mitochondria: its nucleotide sequence allows its existence in the alternative form which is fixed by Eno2p. This, in turn, ensures tRK1 further interaction with preMsk1p and subsequent translocation across mitochondrial membranes. The chain of events in the cytosol preceding tRK1 import through organellar membranes is schematically represented in Fig. 1 .
According to in silico predictions, alternative structure of tRK1 is characterized by formation of two hairpins, "F" and "D" [23] . It has been proposed that F-hairpin as structural element is enough to ensure RNA transport into mitochondria. Indeed, analyzing a set of small artificial RNAs, it has been shown that RNA molecules with stable F-hairpin are imported into yeast mitochondria both in vitro and in vivo with high efficiencies. The maximal efficiencies of import were documented for the RNA versions containing Fand D-hairpins together [23] .
All data and conclusions mentioned above are related to the question "how tRK1 is imported into yeast mitochondria." Another important and maybe even more intriguing question is "WHY it is imported." For a long time, the answer to this question was not evident. Apparently, it is logical to assume that tRK1 takes part in mitochondrial translation upon its import. Indeed, such participation has been demonstrated: imported tRNA derivatives are able to suppress nonsense mutations in yeast mitochondrial DNA [24] . However, physiological role of tRK1 import remained unclear. Mitochondrial genome of yeast codes for lysine tRNA (tRK3) with 5-carboxymethylaminomethyl-2-thioUUU anticodon which is able to decode both lysine codons, AAA and AAG [25] . Thus, participation of tRK1 in mitochondrial translation, albeit possible, seemed to be dispensable. Best approach to clarify this issue would be to switch off tRK1 import and to look for the effects on mitochondrial function. This has been done by exchanging MSK1 gene from Saccharomyces cerevisiae genome by the orthologous gene from another yeast, Ashbya gossypii. The precursor of mitochondrial lysyl-tRNA synthetase from this organism was completely incompetent in driving tRK1 import into mitochondria of S.cerevisiae but was imported into mitochondria and aminoacylated tRK3 [18] . It has been shown that mitochondrial function (OXPHOS system activity, characterized by yeast growth on special "respiration" media) of the recombinant strain was not altered at normal growth conditions but was significantly decreased at elevated temperatures (37°C). Surprisingly, this was due to tRK3: at 37°C, the wobble U34 of this tRNA becomes hypo-modified which leads to inefficient recognition of AAG codons in mitochondrial mRNAs. In this situation, tRK1, which bears the non-modified CUU anticodon, becomes obligatory for mitochondrial translation [18] . Thus, tRK1 import seems to be related to adaptation mechanism of mitochondrial translation to elevated temperatures.
YEAST RNAs IMPORT INTO HUMAN MITOCHONDRIA AS A WAY TO ADDRESS THE PATHOGENIC MUTATIONS
As it has already been mentioned above, several derivatives of yeast tRK1 are able to suppress mutations in yeast mitochondrial DNA [24] . Nowadays, more that 200 pathogenic mutations in human mitochondrial DNA have been described (for review, see [26] ). Being among most common ones, mutations in mitochondrial tRNA genes lead to abnormal translation in organelles and to significant loss of mitochondrial functionality. tRNA import from the cytosol might become a good tool for suppression of these mutations. The relevance of natural tRNA mitochondrial import into human mitochondria is still questionable. There has been a single report suggesting the import of two glutamine tRNA isoacceptor species. Authors have hypothesized that these tRNAs are imported in order to alleviate the absence of the transamidation pathway in human mitochondria which is necessary to generate these tRNAs [27] . So far a similar hypothesis for the yeast system [28] was contradicted by further studies [29] . On the other hand, taking into account similarities of transport machineries between yeast and mammalians, it was tentative to see if such a targeting could be established artificially. Thus, it was worth trying to direct yeast tRNAs into human mitochondria in hope that they would be able to take part in organellar translation. This could be a way to address negative effects of pathogenic mutations. Indeed, it has been demonstrated that yeast tRK1 and its mutant derivatives have been imported into isolated human mitochondria [24] . It has also been shown that all the requirements of tRK1 import into isolated human mitochondria are similar to those described for yeast ones [30] . Moreover, human orthologues of preMsk1p [31] and Eno2p [32] were demonstrated to take part in this artificially established targeting. Thus, the cryptic machinery of tRNA import seems to be present in human. Moreover, above-mentioned small artificial RNAs with stable Fand/or D-hairpins were also imported into isolated human mitochondria with efficiencies being even several times higher than that of a full-sized tRK1 [23] .
Once positive results were obtained in in vitro system, yeast tRK1 derivatives were then tested for their ability to cross the mitochondrial membranes in cultured human cells. Indeed, tRNA import was detected in vivo [33] . Thus, it seemed possible to use tRNA import pathway to address a patogenic mutation in human mitochondrial DNA. One of the most frequent human mtDNA mutations, A8344G, was previously characterized in the lysine tRNA gene. This mutation causes co-called MERRF syndrome (myoclonic epilepsy with ragged-red fibers) which is linked to the defects of tRNA aminoacylation and premature termination of mitochondrial translation on the lysine codons [34] . Yeast tRK1 or tRK2 importable derivatives, when introduced into cultured human cells harboring MERRF mutation, partially restored pathological phenotype due to improvement of mitochondrial translation [33] . This study was the very first case of alleviation of mutation in the mitochondrial tRNA gene by an imported RNA. Later, to broaden the spectrum of mutations in mitochondrial DNA that might be addressed via tRNA import, another yeast tRK1 derivative was constructed which kept all the determinants of its mitochondrial import but the determinants of aminoacylation with lisyne were exchanged to provide the tRNA leucine identity [35] . This permitted to address another common mutation, A3243G, which is localized in the mitochondrial leucine tRNA gene and causes the MELAS syndrome (mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes). This mutation, similarly to MERRF one, leads to the abnormal mitochondrial translation, through alteration of anticodon modification [36, 37] . Abovedescribed artificial tRNA could potentially be aminoacylated with leucine in human mitochondria and thus might take part in mitochondrial translation instead of mutated leucine tRNA in MELAS mutation bearing cells [35] . Thus, two point mutations in two different mitochondrial tRNA genes were successfully addressed by exploiting RNA mitochondrial import pathway.
Another relatively frequent mutation types in human mitochondrial DNA are large deletions. These commonly lead to simultaneous deletion of several genes from mtDNA. Human cells with such deletions are usually viable, due to the heteroplasmy phenome-non, common for a vast majority of human mtDNA mutations. Heteroplasmy is the simultaneous presence of mutant and wild-type mtDNA in the same cell. For many pathogenic mitochondrial mutations, there are threshold levels of heteroplasmy: if the proportion of mutant molecules is below this level, there is no mutant phenotype. Above this threshold (depending on the mutation between 60 and 80%), the severity of symptoms depends on the heteroplasmy level. Correspondingly, decreasing the heteroplasmy level might be one of the strategies to address mtDNA mutations.
The shorter versions of importable RNAs (containing F-and D-hairpins) were then used as vectors to target mutant mtDNA harboring a large deletion associated with the KSS (Kearns-Sayre syndrome). The KSS deletion creates a unique sequence which served as a target. Short oligonucleotides complementary to one or another mtDNA strand containing this unique sequence was either inserted between F-and D-import determinants or simply fused to one of them. It was demonstrated that such "anti-replicative" RNA molecules are partially targeted into mitochondrial matrix and affect, in a specific way, progression of the replication fork of mutant mtDNA, which resulted in a significant, although transient, decrease of proportion of KSS deletion-bearing DNA molecules [38] . Later, the same strategy has been shown to effectively decrease heteroplasmy level even in case of point mutations in mitochondrial DNA, with the model of a mutation in the 5th subunit of NADH-dehydrogenase [39] .
PERSPECTIVES
Much is known nowadays about basic mechanisms of tRNA import into yeast and human mitochondria. However, there are several topics to be further studied. First of all, the process of tRK1 translocation across mitochondrial membranes needs to be investigated. As it has been described above, protein import machinery and voltage-dependent anion channels seem to be involved in tRK1 transport through the yeast mitochondrial outer membrane. It is not clear whether discrimination between these two channels takes place or tRK1 has no preferences in choosing the exact pathway of outer membrane translocation. Also, nothing is known about how tRK1 crosses the inner membrane and reaches mitochondrial matrix. Modern microscopy methods and cross-linking experiments could help to resolve these issues and to robustly identify proteins that take part in tRK1 translocation as membrane channels and as receptors/regulators of this process.
Another intriguing issue is the regulation of tRK1 import into mitochondria. Only 3-5% of tRK1 cytosolic pool is targeted into mitochondria, while the rest molecules are involved in translation in cytoplasm. How the selection of tRK1 molecules takes place is not clear. It is rather possible that Eno2p interaction is responsible for that, but some other factors might also take part in targeting [22] . On the other hand, the proportion of imported tRK1 molecules could be also subjected to regulation: it is known that ubiquitin-proteasome system has something to do with such regulation [40] . Of no doubt is that regulation of tRK1 import should be comprehensively studied in future.
Investigations aimed to the utilization of tRNA import as gene therapy tool are quite complex and technically complicated. Nevertheless, as it has been described before, great progress has been made in this field during past 15-20 years. Several strategies for suppression of pathogenic mutations in human mitochondrial DNA based on RNA import have been developed. However, they all share some common disadvantages that significantly decrease their medical potential. Among most important disadvantages, there are low efficiency and transient mode of action of the discussed approaches. These difficulties were partially overcome. It has been shown that introduction of desoxyribonucleotides in the sequence of "therapeutic" RNAs and chemical modifications of their ribonucleotides increase the lifespan of these molecules [41] . Also, a method of carrier-free RNA delivery into mitochondria was established based on the RNA cleavable conjugation with cholesterol [42] . These approaches are potentially important for increasing the efficiency of therapeutic effect of RNA import pathway. In any case, studies should be continued in this direction.
There is a very important issue which should be addressed using RNA mitochondrial import, namely targeting CRISPR/Cas9 system into mitochondria. This genome editing technology is robustly recognized as the most powerful tool for making directed changes in the genomic DNA of any living creature. Human mitochondrial DNA can be edited by Zn-finger recombinant nucleases [43] [44] [45] or TALEN approach [46] . In these technologies, no RNA components are used, and there are only proteins to be imported into mitochondria. In case of CRISPR/Cas9, both protein and RNA components should be targeted into the organelles. Moderate progress has been achieved recently on this way. It was demonstrated that guide RNAs with introduced above-described import determinants are imported into mitochondria of human cells, as well as Cas9 protein supplemented with the mitochondrial targeting sequence [47] . Using CRISPR/Cas9 in mitochondria might be somewhat more complex if compared with the traditional nuclear DNA-targeted technology, but nevertheless, the possibility of this system to be functionally active in human mitochondria has been experimentally shown [47] . In a very recent work, an exogenous DNA sequence has been inserted into zebrafish mitochondrial DNA using CRISPR/Cas9 approach, and moreover, this DNA has been efficiently transmitted from F 0 to F 1 generation [48] . Taken together, these data allow being in hopes that efficient version of mito- chondrially-addressed CRISPR/Cas9 system may be developed in future.
